Great (M ∼ 8) earthquakes repeatedly occur along the subduction zones around Japan and cause fault slip of a few to several metres releasing strains accumulated from decades to centuries of plate motions. Assuming a simple 'characteristic earthquake' model that similar earthquakes repeat at regular intervals, probabilities of future earthquake occurrence have been calculated by a government committee. However, recent studies on past earthquakes including geological traces from giant (M ∼ 9) earthquakes indicate a variety of size and recurrence interval of interplate earthquakes. Along the Kuril Trench off Hokkaido, limited historical records indicate that average recurrence interval of great earthquakes is approximately 100 years, but the tsunami deposits show that giant earthquakes occurred at a much longer interval of approximately 400 years. Along the Japan Trench off northern Honshu, recurrence of giant earthquakes similar to the 2011 Tohoku earthquake with an interval of approximately 600 years is inferred from historical records and tsunami deposits. Along the Sagami Trough near Tokyo, two types of Kanto earthquakes with recurrence interval of a few hundred years and a few thousand years had been recognized, but studies show that the recent three Kanto earthquakes had different source extents. Along the Nankai Trough off western Japan, recurrence of great earthquakes with an interval of approximately 100 years has been identified from historical literature, but tsunami deposits indicate that the sizes of the recurrent earthquakes are variable. Such variability makes it difficult to apply a simple 'characteristic earthquake' model for the long-term forecast, and several attempts such as use of geological data for the evaluation of future earthquake probabilities or the estimation of maximum earthquake size in each subduction zone are being conducted by government committees. [2] in the region shown in (a). Numbers of earthquakes for each magnitude interval and cumulative numbers (see text for details). The original plots were made by using TSEIS system [3] .
In this review paper, I introduce the ERC's long-term forecast (30-year probability) and recent studies on historical and geological evidence of great earthquakes for four subduction zones around Japan, i.e. the Kuril Trench off Hokkaido, the Japan Trench off northern Honshu, the Sagami Trough south of Tokyo and the Nankai Trough off western Japan. In each region, the data of past earthquakes show variability, which makes it difficult to apply a simple 'characteristic earthquake' model for the long-term forecast. After the 2011 Tohoku earthquake, the ERC is in the process of revising the long-term forecasts. Their recent evaluations for the Nankai Trough and the Sagami Trough are also described.
Kuril Trench
Along the southern Kuril Trench off Hokkaido, great earthquakes (M ∼ 8) have repeatedly occurred since the nineteenth century when the region's written history started as the native Ainu people did not leave any written records (figure 2a). This subduction zone is segmented into offshore Tokachi (Tokachi-oki) and offshore Nemuro (Nemuro-oki) regions, based on the source regions of recent earthquakes that occurred in 1952 and 1973 [12] . In the Tokachi-oki region, great earthquakes have been documented in 1843 (M 8.0), in 1952 (M 8.2), and in 2003 (M 8.0). In the Nemuro-oki region, large earthquakes occurred in 1894 (M 7.9) and in 1973 (M 7.4). Besides these interplate earthquakes, intra-slab earthquakes such as the 1958 earthquake off Iturup Island (M 8.1) or that of 1994 off eastern Hokkaido (M 8.2) have also occurred within the subducting Pacific plate and generated tsunamis. In March 2003, on the basis of the past earthquake history in the nineteenth and twentieth centuries, the ERC made long-term forecast for great (M ∼ 8) earthquakes [12] , in which the 30-year probability was estimated as 60% in Tokachi-oki and 20-30% in Nemuro-oki. About a half year later, the 2003 Tokachi-oki earthquake (M 8.0) occurred.
The 2003 Tokachi-oki earthquake, however, does not seem to be a carbon copy of the previous earthquake in 1952. An analysis of seismic waves [13] and aftershock distributions [14] Ta-c2   K1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16   1000  2000  3000  4000  5000   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15 Red circles and star indicate distribution of the tsunami deposit of the seventeenth century earthquake [9] . Tsunami inundation areas generated by the 1952 Tokachi-oki earthquake and computed from the multi-segment interplate earthquake [10] . (c) Photographs and sketch of slice sampled at the location shown by a red star in (b) [11] . Yellow, brown and grey colours in the sketch indicate sand, peat and tephra, respectively. (d) Ages of 16 tsunami sand sheets of the Kiritappu sample (c) [11] .
source extended further east [15, 16] Geological evidence in eastern Hokkaido shows that the southern Kuril Trench repeatedly produced earthquakes and tsunamis larger than those recorded in the region's written history. Deposits of prehistoric tsunamis underlie lowlands and lagoons along 200 km of eastern Hokkaido's Pacific coast, and the most recent one was dated in the seventeenth century [9] . Evidence of sea-level change suggests that the unusually large tsunami in the seventeenth century and possibly earlier events were followed by transient coastal uplift due to slip on deeper part of plate interface [19] .
In Kiritappu marsh of eastern Hokkaido (figure 2b), prehistoric tsunami sand sheets extend as much as 3 km inland across a beach-ridge plain. dating of samples, the dates of past tsunamis were estimated (figure 2d). The average interval of giant earthquakes that brought tsunami deposits is about 400 years, but it ranges between 100 and 800 years.
The distributions of tsunami deposits in Kiritappu and other marshes are compared with computed inundation areas from several kinds of earthquakes [10] . A giant fault model, extending into deep plate interface has the largest seismic moment, but it yields the lowest tsunami heights and smaller inundation areas than the distribution of tsunami deposits. A 'tsunami earthquake' model, a narrow fault near the trench axis, yields little tsunami inundation on coasts. The interplate earthquake model produces the largest tsunami heights and inundation, reproducing the distribution of tsunami deposits on the Nemuro coast. The multi-segment interplate earthquake with a variable slip (10 m on Tokachi and 5 m on Nemuro segments with a moment magnitude of M w of 8.5) can reproduce the distribution of tsunami deposits on the Tokachi coast as well. This source is considered as the source model for the seventeenth century tsunami.
Japan Trench
Several large earthquakes of M ∼ 8 have occurred along the Japan Trench in the last century (figure 3a). For example, in the northern Sanriku-oki region, historical data indicate that the distributions of tsunami heights and seismic intensity from earthquakes that occurred in 1677, 1763 and 1856 were similar to those of the 1968 earthquake (M 7.9) despite the estimated magnitude values being different (figure 3b), suggesting that these historical earthquakes were all similar to the 1968 event [27] . Assuming that they are 'characteristic earthquakes' with an average recurrence interval of 97 years, the ERC calculated the 30-year probabilities of an M ∼ 8 earthquake as 0.7-10% [24] . Seismic wave analysis of the recent earthquakes revealed that seismic asperities, areas with large slips within the earthquake rupture zones, have repeatedly ruptured in large earthquakes. More specifically, the 1968 earthquake of M 7.9 ruptured two asperities, while the southern asperity was ruptured in smaller earthquakes of M 7.6 in 1931 and of M 7.5 in 1994 (figure 3a) [20] . This may indicate that 'characteristic earthquakes' of the ERC's long-term forecast are only those large earthquakes involving multiple asperities.
In the Miyagi-oki region, M ∼ 7 earthquakes have occurred repeatedly since 1793 at an average interval of 37 years (figure 3b). Assuming that they are 'characteristic earthquakes', the ERC calculated that the 30-year probability of earthquake occurrence with M ∼ 7.5 between 2010 and 2040 was 99% [24] . However, each of these 'characteristic earthquakes' seems to be different. For example, the distribution of tsunami heights and seismic intensity from the 1793 earthquake was larger than others, suggesting that it had larger size and source area [27] . For the recent cycles, the details seem to be more complex. In the 1930s, three M ∼ 7 earthquakes occurred, an M 7.1 in June 1933, an M 7.4 in 1936 and an M 7.1 in 1937 [28, 29] . The 1978 earthquake of M 7.4 seemed to be larger than any of these 1930s earthquakes and possibly ruptured all three asperities. The ERC assumed that the sum of the three earthquakes in the 1930s consists of a 'characteristic earthquake', which is comparable to the 1978 earthquake. In 2005, another earthquake of M 7.2 occurred. It was smaller than the 1978 earthquake and probably similar to the 1936 event; hence this earthquake alone was not considered as a 'characteristic earthquake' in this region [24] .
In addition to the above typical interplate earthquakes, 'tsunami earthquakes' and normalfault earthquakes have been recorded along the Japan Trench. A 'tsunami earthquake' refers to an earthquake with relatively minor ground shaking but very large tsunami [21] . The 1896 Sanriku earthquake caused large (maximum runup height of approx. 40 m) tsunamis on the Sanriku coast with 22 000 casualties, but the seismic shaking was not strong enough to give warnings to the coastal communities. The 1896 tsunami source was a narrow fault near the trench axis [22] . Other 'tsunami earthquakes' that occurred along the Japan Trench include the 1611 earthquake off Sanriku [27, 30] and the 1677 earthquake off the Boso Peninsula [30, 31] , judging from the distributions of tsunami heights and seismic intensity. On the basis of these three 'tsunami earthquakes' in the last 400 years, during which historical data exist, the ERC estimated [20] . Source regions of the 1896 Sanriku 'tsunami earthquake' [21, 22] and the 1933 normal-fault earthquake [23] are also shown. (b) Magnitude-time plot of large earthquakes used for the long-term forecasts [24] . (c) Tsunami hazard map for the Sendai plain [25] . The expected tsunami inundation zone assuming a Miyagi-oki earthquake (M 8.0) is shown by purple colour. The actual tsunami inundation area of the 2011 Tohoku earthquake is also shown, as well as the distribution of the 869 Jogan tsunami deposits [26] . (d) Index map and time-distance diagram of geological evidence indicating tsunami inundation and coastal subsidence near Sendai [26] .
the 30-year probability of a 'tsunami earthquake' along the Japan Trench as 20% based on the Poisson model. A normal-fault earthquake occurs outside the trench axis, often called the outerrise region. The March 1933 Sanriku earthquake (M 8.1) was the only known great normal-fault earthquake in this region [23] . It also caused a large (maximum height of approx. 24 m) tsunami with approximately 3000 casualties. On the Sendai plain, occurrence of a large earthquake and tsunami was documented more than 1000 years ago. A national history book 'Nihon Sandai Jitsuroku' (A Chronicle of Japan) depicts strong shakings, ground fissures, collapse of houses, kilometres of tsunami flooding with 1000 drowned people in the Sendai plain in AD 869 in Jogan era on the Japanese calendar [26, 32] . In addition, tsunami deposits had been found in geological layers in coastal lowland, more than 4 km from the current coast of the Sendai plain [26, 33] . Based on the distribution of tsunami deposits, the 869 Jogan earthquake was modelled as an interplate earthquake with M w = 8.4 [26] . Another layer of tsunami deposits was also found above the 869 Jogan tsunami deposit and correlated to the 1454 earthquake, indicating the recurrence interval of about 600 years of Jogan-type earthquakes if they were of the same type [34] .
The 2011 Tohoku earthquake (M 9.0) was the largest known earthquake in Japan's history. The source region was not limited in the Miyagi-oki region but extended to neighbouring regions (figure 3c) . The tsunami modelling indicates that the 2011 earthquake was a combination of a 1896-type 'tsunami earthquake' and a Jogan-type interplate earthquake [35] . A huge slip, more than 50 m, near the trench axis was responsible for the high tsunami runup heights along the Sanriku coast. The large slip, more than 10 m, on the deeper fault along the plate interface, similar to the previous model of the 869 Jogan earthquake, produced a long-wavelength seafloor deformation and extensive tsunami inundation in the Sendai plain.
Sagami Trough
Great interplate earthquakes called Kanto earthquakes occurred along the Sagami Trough, a 300 km long boundary between the Philippine Sea and North American plates ( figures 1 and 4) . The most recent Kanto earthquake (M 7.9) in 1923, called the Taisho Kanto earthquake, caused more than 105 000 casualties mostly as a result of shaking-induced fires in Tokyo. This earthquake caused approximately 1.5 m coastal uplift at the southern tips of the Miura and Boso Peninsulas (figure 4) [38] . The earthquake also produced large tsunami with heights of more than 5 m along the coast around Sagami Bay. The penultimate Kanto earthquake (M ∼ 8.1), occurring in 1703 and known as the Genroku Kanto earthquake, resulted in about 10 000 casualties. The coastal uplift at the Miura Peninsula and the tsunamis around Sagami Bay were similar to those during the 1923 Taisho Kanto earthquake. However, the maximum costal uplift at the southern tip of the Boso Peninsula was 4-6 m [39, 40] , and the tsunami height along the outer coast of the Boso Peninsula was approximately 5 m [41] , both being much larger than those during the 1923 earthquake. These suggest that the 1923 and 1703 Kanto earthquakes shared the same source around the Miura Peninsula (purple in figure 4a ), but the 1703 earthquake source extended off the Boso Peninsula (green in figure 4a) .
The ERC published the long-term forecast of the Kanto earthquakes in 2004 [41] , in which the Taisho-type and Genroku-type earthquakes were considered as two different 'characteristic earthquakes'. The Taisho-type source is located near the Miura Peninsula and is ruptured during both types of Kanto earthquakes with an interval of 200-400 years, judging from the geodetic, geomorphological and geological data as well as the fact that the interval between the 1703 and 1923 earthquake was 220 years. The Genroku-type earthquake involves rupture in another source off the Boso Peninsula with a recurrence interval of 2300 years, which is based on the ages of marine terrace in southern Boso Peninsula [39, 40] . The 30-year probability based on the BPT model was nearly zero for both types, because the time since the most recent event was approximately 90 years and approximately 300 years, respectively. While the Taisho and Genroku Kanto earthquakes were quite different, it is not clear if all the past Kanto earthquakes belong to these two types of 'characteristic earthquakes'.
The antepenultimate Kanto earthquake was recently studied from tsunami deposits in Koajiro Bay in the Miura Peninsula, where three layers of sands were identified [42] . The top two sand layers indicate tsunamis from the 1923 and 1703 Kanto earthquakes, and the third one was dated between AD 1060 and 1400. From a comparison with historical documents, the 1293 earthquake which caused damage in Kamakura, an old capital in the Miura Peninsula, was identified as the antepenultimate Kanto earthquake. It was also speculated that the rupture of the 1293 Kanto earthquake might have extended into Kohzu-Matsuda fault, an active surface fault branching from the Philippine Sea plate (figure 4a). Hence the three recent Kanto earthquakes had different sources, suggesting that the past Kanto earthquakes might not be grouped into Taisho and Genroku types as ERC assumed [36] . More recently, another possible Kanto earthquake in 1495 was identified [43] . Previous studies considered that the descriptions in historical documents were erroneously copied from a great earthquake along Nankai Trough in 1498, but the recent historical studies indicate that the documents are reliable.
In the recent revision of long-term earthquake evaluation [37] , the ERC first estimated the possible maximum size of the seismogenic region ( seismogenic region is about 40 000 km 2 along a trough length of 300 km. Using a relationship between seismic moment and fault area for a circular crack [44] and assuming a stress drop of 3 MPa, the moment magnitude M w is estimated as 8.6 for the possible maximum interplate earthquake. The ERC then re-estimated the recurrence intervals of Kanto earthquakes as ranging from 180 to 590 years. The intervals between the recent three (1923, 1703 and 1293) Kanto earthquakes are 220 years and 410 years, yielding an average of 320 years. If the 1495 earthquake is included in the cycle, the average interval becomes 210 years with much smaller variance, but the ERC did not conclude that the 1495 event as the Kanto earthquake. The geomorphological and geological data (marine terraces, beach ridges and tsunami deposits) indicate nine earthquakes occurred during 3000 year period between 2400 BP and 5400 BP [40] , yielding an average recurrence interval of 390 years. From geodetic data, both interseismic slip accumulation rate [45] and the coseismic slip during the 1923 earthquake [46] , the recurrence interval is estimated at 200-500 years. On the basis of these estimates of recurrence interval, the 30-year probability of next Kanto earthquake is now estimated as 0-5%, reflecting the uncertainties and variabilities [37] .
Nankai Trough
The Nankai Trough is probably the best-known subduction zone in the world in terms of recurrence of large earthquakes. Historical documents indicate nine cycles of earthquakes in the last 1400 years since AD 684 [47, 48] (figure 5). In each cycle, either a pair of earthquakes occurred in a relatively short time interval, or single earthquake ruptured the entire region. In the previous evaluation, the ERC [55] estimated the 30-year probabilities for Tonankai earthquake (M ∼ 8.1; regions C and D in figure 5 ) and Nankai earthquake (M ∼ 8.4; in regions A and B) separately, assuming that a 'characteristic earthquake' occurs in each segment. The most recent estimates, as of 2012, of probabilities were 60% and 70%, respectively. The 1944 Tonankai earthquake (M 7.9) and the 1946 Nankai earthquake (M 8.0), the most recent pair, occurred 2 years apart. Besides limited instrumental data of seismic waves and tsunami, distribution of ground shaking (seismic intensity) and tsunami heights (4-9 m) were documented. Such macroseismic data are important to identify previous Nankai earthquakes from historical documents. Characteristic features of past Nankai earthquakes are: (i) ground shaking and aftershocks recorded in a wide area including Kyoto, Osaka and Nara, the oldest cities in Japan with long written history, (ii) coseismic deformation recorded at some coastal locations, e.g. subsidence of the Kochi plain and uplift of the Muroto and Kii Peninsulas, (iii) stoppage of hot spring gush, and (iv) tsunami damage along the southern coasts of Honshu, Shikoku and Kyushu. In figure 5 ). The 1707 (Hoei) earthquake seems to be a single giant event rupturing the entire region (A-E) with an estimated magnitude of 8.6. This earthquake was considered the largest event in Japan before the 2011 Tohoku earthquake. A recent study suggests that the 1707 source extended further west to include region Z [56] . The 1605 (Keicho) earthquake was different from the other earthquakes; the ground shaking was not documented, yet the tsunami damage extended along the entire coast of southwestern Japan. It was possibly a 'tsunami earthquake' whose source was near the trough axis. The source regions of the 1498 (Meio) and 1361 (Shohei or Koan) earthquakes are inconclusive. Four more earthquakes, in 1099, 1096, 887 and 684, are also documented. However, because of incomplete historical documents, it is likely that more earthquakes occurred before 1361 but were not documented.
Besides the historical literature studies, numerous palaeoseismological studies have been conducted in recent decades. Tsunami deposits from past earthquakes have been identified in lakes, lagoons and coasts. In some lagoons or coastal lakes, not all the Nankai earthquakes left tsunami deposits. For example, in Ryujin-ike lake in Kyushu (figure 5), eight layers of tsunami deposit in the last 3300 years were identified, and the ages of the recent two deposits correspond to the 1707 and 1361 earthquakes [51, 56] . This, with examples from other lakes or lagoons, indicates that the size of the 1707 and 1361 earthquakes might be larger than the other Nankai earthquakes, and such larger events occur with 300-350 year interval. Some coastal tsunami deposits show similar selectivity while others record most Nankai earthquakes [52] .
Evidence of coastal uplift by the past Nankai earthquakes has been left as fossils of sessile (barnacle). Sessile assemblage layers were formed by coseismic uplifts associated with the Nankai earthquakes with 100-150 year interval, but several unusual uplift events were inferred at interval of 400-600 years, with most recent events in 1707 and 1361 [53] . Strong ground shaking causes liquefaction, which may be preserved in geological layers. Past liquefaction features at archaeological sites have been documented and provide evidence of past earthquakes. Such seismo-archaeological studies complement historical data [54] . For example, there is abundant evidence suggesting that the source regions of the 1498 earthquake extended to the west and the 684 earthquake extended to the east (figure 5).
After the 2011 Tohoku earthquake, the Central Disaster Management Council [49] and the ERC [50] have revised the damage assessments of future Nankai earthquakes as well as the longterm earthquake evaluation. They first estimated the possible maximum size of future Nankai earthquakes. The maximum size of seismogenic zone is 140 000 km 2 along a trough length of 800 km. The above area includes a shallow (less than 10 km) region of 30 000 km 2 for a possible 'tsunami earthquake'. The moment magnitude M w is calculated as 9.1 using the formula of a circular crack and assuming stress drop of 3 MPa. The entire region can be divided into six segments (Z, A, B, C, D and E, figure 5 ), based on geomorphological features, namely submarine basins limited by peninsulas on land. For the down-dip depth direction, the source can be divided into three regions: the shallowest region less than 10 km depth for a 'tsunami earthquake' which was not considered before 2011, traditional seismogenic regions with a depth range of 10 and 25 km, where the plate coupling is strong, and the deep transition zone with more than 25 km depth, where low frequency tremors and slow earthquakes occur [57, 58] .
The ERC estimated the 30-year probability as 60-70% of an earthquake along the Nankai Trough in one of the regions A-E, based on the time predictable model [59] . The ERC report [50] also indicated that the probability would be 6-30% if the BPT model is adopted, and 20% if the Poisson process is assumed. The wide range of probability values indicates the uncertainty associated with the modelling of recurrent earthquakes; even for the best-known subduction zone in terms of earthquake recurrence, the uncertainty associated with forecast is very large.
Discussion and conclusion
In the long-term evaluation of the ERC, the 'characteristic earthquakes' have been identified in each subduction zone around Japan to calculate the 30-year probabilities. However, the recent historical and geological studies of the recurrent earthquakes found that they were not characteristic but show considerable variability (figure 6a). Similar non-characteristic and variable features of subduction zone earthquakes have been found in other subduction zones in the world, e.g. Chile, Cascadia and Sumatra-Andaman [60] . An important aspect of 'characteristic earthquake' model is that the great or giant earthquakes do not fit the GR relation and they do not occur randomly in time [62] , because the great and giant earthquakes occur to release the accumulated strain between the plates in subduction zones. How can we model such variable, yet not random, occurrence of interplate earthquakes and use the model for long-term forecast? To explore a modelling possibility, let us go back to the Japan Trench where the 2011 Tohoku earthquake occurred. with a recurrence interval of approximately 700 years. A huge slip near the trench axis can be explained by the infrequent 'tsunami earthquake', also with a 700 year interval. Such hierarchy in earthquake cycle or supercycle model can explain the unusually large slip of the 2011 Tohoku earthquake (figure 6) [61] . The term 'supercycle' was first used for a seismic cycle consisting of a series of large events [63] , but often used for long-term cycle imposed on shorter cycles ('superimposed cycle') [64, 65] .
Another important parameter for long-term earthquake evaluation is the possible maximum size of earthquake in individual subduction zones. In subduction zones with slower convergence rate, the earthquake recurrence interval is longer, hence there is less chance to be recorded in historical data of limited time range [66] . For the Sagami Trough and the Nankai Trough, the maximum earthquake sizes were estimated from the area of seismogenic regions, although neither historical nor geological evidence of such an earthquake exists [37, 50] . Another way to estimate the maximum earthquake size is to extrapolate the GR relation (or tapered one). Kagan & Jackson [67] estimated that the maximum (corner) magnitude in the 2011 Tohoku earthquake source area is M = 9.3 with a return period of 300-400 years [67] . While the GR relation implies the Poisson process (earthquakes occur randomly), reflecting the stochastic nature of earthquake recurrence, their estimates consider the tectonic moment rate in individual subduction zones, a more deterministic aspect of earthquake recurrence [2] .
Historical and palaeoseismological studies have shown evidence of much larger earthquakes with longer recurrence intervals than those seismologically documented in recent centuries. They also indicate that recurrent earthquakes are more variable than simple 'characteristic earthquakes'. The possible maximum size of future earthquakes can be estimated independent of past earthquake data, from seismotectonic environment or extrapolation of current magnitudefrequency distribution. The time period for consideration is also important for assessing maximum size [68] . For tsunami hazard assessment for ordinary coast such as designing break water, possible maximum size in several decades would be sufficient. For critical facilities such as nuclear power plants, possible maximum size in thousands of years or longer time period needs to be considered. The long-term evaluation of future earthquake hazard should consider irregular and variable recurrence of earthquakes and maximum size of earthquakes possibly occurring in the time period of concern.
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